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Abstract: Understanding the causes and consequences of forest-fragmentation changes is critical
for preserving various ecosystem services and to maintain biodiversity levels. We used long-term
(1860s–2010s) and large-scale data on historical forest cover in the Polish Carpathians to identify the
trajectories of forest fragmentation. Past forest cover was reconstructed for the 1860s, 1930s, 1970s
and 2010s using historical maps and the contemporary national database of topographic objects.
We analyzed forest-cover changes in 127 randomly selected circular test areas. Forest fragmentation
was quantified with GuidosToolbox software using measures based on a landscape hypsometric
curve (LHC). Despite a general increase in forest cover, forest fragmentation showed divergent
trajectories: a decrease between the 1860s and 1930s (in 57% of test areas), and an increase between
the 1930s and 1970s and between the 1970s and 2010s (in 58% and 72% of test areas, respectively).
Although deforestation typically involves the increasing fragmentation of forest habitats, we found
that forest expansion may not necessarily lead to more homogenous forested landscape, due to
complex land-ownership and land-use legacy patterns. This is both a challenge and an opportunity for
policy makers to tune policies in such a way as to maintain the desired fragmentation of forest habitats.
Keywords: forest-cover change; forest expansion; forest-fragmentation trends; fragmentation index;
historical maps; landscape hypsometric curve; mountain areas
1. Introduction
The loss of forest habitats and forest fragmentation have been extensively investigated in the
last few decades [1]. Studies carried out at various scales show that forest fragmentation is critical
for maintaining biodiversity levels [2–4] and that deforestation increases forest fragmentation by
dissecting intact forest areas, isolating forest patches, and eliminating forest corridors [5–18]. The vast
evidence that forest-cover decrease is linked to increasing forest fragmentation may lead to a belief
that forest expansion, on the contrary, decreases forest fragmentation. Only few studies have
presented a quantitative analysis of forest fragmentation in the context of increasing or relatively stable
forest cover, providing, however, inconclusive evidence for both increasing [19–22] and decreasing
fragmentation [23,24]. The lack of evidence on the relationship between forest cover and forest
fragmentation is remarkable in the context of the recently proposed habitat amount hypothesis [25]
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that underlines the influence of habitat amount on species richness, questioning at the same time the
role of habitat fragmentation.
Forest expansion has been recorded since the 19th century in a number of countries all over
the world [26] as a result of forest transition, referred to as the reversal of decreasing forest-cover
trends [27–29]. The reversal, however, does not need to denote a full removal of all the consequences
of the former forest-cover reduction—in particular those referring to the increased fragmentation
and loss of connectivity of forested habitats. In Europe, forest transition is mostly related to the
release of excess agricultural land from agricultural production (land abandonment) in marginal
locations and natural secondary forest succession or afforestation [30–36]. Land-use legacies and
persistence play a significant role as forest expansion occurs in areas with historically established
settlements, infrastructural networks and land ownership, promoting some areas and excluding
others from forest recovery [37–39]. Forest-cover increase following land abandonment is thus a
slow and gradual process, in some aspects similar to the sprawl of urban areas, reproducing initial
distribution of forest patches preserved in the landscape and spatial patterns of biophysical features in
the landscape [40–42]. Contrary to deforestation that may decrease forest cover over large areas by
tens of percent in a relatively short time, forest-cover increase by similar values occurs over at least
several tens or hundreds of years. Therefore, studying forest-fragmentation changes related to forest
cover increase requires spatial data sets encompassing periods of 50 years or more.
In general, how long-term, gradual forest-cover increase translates into forest fragmentation
is far from known, as large-scale studies based on spatially explicit long-term forest-cover data
are not common. In our study we aim, therefore, to assess relationships between forest area and
forest fragmentation, under real conditions of the long-term (1860–2010) forest-cover increase in the
Polish Carpathians (approximately 20,000 km2), based on map-derived forest-cover data. To assess
forest fragmentation, we use a new concept of a landscape hypsometric curve (LHC) based on
distances distribution within landscape elements. In the paper, we seek to address the following
research questions:
1. How has forest fragmentation changed in the study region since the 1860s (rates, trajectories)?
What are regional differences and why did they occur?
2. What is the relation between changes in forest fragmentation and rates of forest-cover change?
3. Which structural elements of forest cover (patches, branches, corridors, perforations) have the
strongest influence on forest fragmentation and its changes?
2. Materials and Methods
2.1. Study Area and Forest Data
The Polish Carpathians are located in the northern part of the Carpathian arc with altitudes
ranging from 300 masl at the northern margin of the Carpathian foothills, and 2500 masl in the Polish
part of the Tatra Mountains [43]. Forest transition started in the region in the mid-19th century when
forest cover amounted to 27% [44,45]. As in all Carpathian countries, land-use change was driven by
frequent regime shifts related to the complex history of the region [46]. Currently, typical landscapes
in the Polish Carpathians consist of a mosaic of agricultural lands and forests, with most settlements
located in valleys, and forests cover 47% of the area [45]. In the 1840s, almost all forests belonged
to properties of large landowners [47]. After World War II, forest properties larger than 25 ha were
nationalized and, currently, approximately 50% of forests in the Carpathians are owned by the State
Forests National Holding. According to [33], approximately 14% of the farmland shows signs of
secondary forest succession, and therefore forest-cover increase in the region is expected in the near
future [48].
The pattern change of forest fragmentation and its relationship to forest area were analyzed
in four time steps: the 1860s, 1930s, 1970s and 2010s (Figure 1). The boundaries of the
forested areas in the 1860s and 1930s forest maps were obtained using manual vectorization
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of topographic maps, the Austro-Hungarian Second Military Survey Map (1:28,800; quick looks
available at http://mapire.eu/), and the Polish Military Map (1:100,000; maps can be consulted at
http://hgis.cartomatic.pl/), respectively. For the 1970s we extracted forest-cover information using a
semi-automated feature-extraction procedure based on color separation and morphological processing
followed by manual correction [49] applied to the Polish Topographic Map (1:25,000; available at
http://mapy.geoportal.gov.pl/), published by the Head Office of Geodesy and Cartography (Główny
Urza˛d Geodezji i Kartografii, GUGIK). The 2010s forest map was obtained through the integration
of different available land-use and land-cover spatial databases. A primary data source on forest
boundaries was the contemporary Polish national topographic vector database in scale 1:10,000
(BDOT10k, available at http://mapy.geoportal.gov.pl/), further verified using data from the Forest
Numerical Map, the Forest Data Bank (https://www.bdl.lasy.gov.pl/portal/), the Polish Topographic
Map for 1970s (1:25,000) and aerial and satellite imagery acquired between 2009 and 2015 (available at
http://mapy.geoportal.gov.pl/). Forest maps for all time steps were converted to raster format with
10 m spatial resolution.
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2.2. Landscape Hypsometric Curve and Forest-Fragmentation Index
Forest fr gmentation was quantifie with the software Gu dosToolbox, version 2.6 [50] sing
me sures based on the LHC (s e Appendix A for a de ailed escription). Principally, those mea ures
are based n distances to forest edges which are mostly used in landscape fragmentatio studies
to assess forest, or landscape dissection by roads (roadless volume) [9,51–53]. As implemented in
GuidosToolbox, LHC summarizes the Euclidean distance distribution for a given binary landscape
map, in which the foreground class represents the land-cover class of interest (here forest), and the
background class represents the complementary class (here non-forest). Euclidean distances are
calculated as positive values in the foreground and negative values in the background land-cover class.
LHC is further normalized, i.e., scaled by the theoretical maximum distance in the foreground and in
the background. The degree of fragmentation corresponds to the area under the LHC covered between
minimum possible fragmentation (for a landscape with the same foreground area but clumped
in a single circle) and maximum fragmentation (for a chessboard-like landscape configuration of
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foreground patches and foreground coverage of 50%). Fragmentation is then calculated separately for
the foreground and background class, as well as summarized for the whole landscape (Appendix A,
Equations (A1)–(A3)).
The LHC approach allows for a simultaneous account of different fragmentation aspects, including
perforations, amount, division and dispersion of habitat patches, and provides one single value ranging
from 0% to 100% referring to fragmentation, in this sense being an overall fragmentation measure.
Based on the LHC concept, we defined the forest-fragmentation index as the degree of fragmentation
of foreground area for a forest/non-forest binary map.
2.3. Quantifying Forest Fragmentation and Its Changes
We analyzed forest-fragmentation and forest-cover changes based on LHC in 127 randomly
selected circular test areas with 5-km radii (an area of approximately 80 km2, close to the area of a
typical commune in the study area) and with minimum distance between centers of circles equal to
5 km (that, is partial overlap was allowed). To ensure an even coverage of the entire study area, the
Polish Carpathians were covered by the regular grid of 20 × 20 km square units, and at least one
circle center-point was located in each unit. For each circular test area and time step, we calculated the
LHC-based forest-fragmentation index (as described above), as well as forest-cover area. For each of
the time periods (1860s–1930s, 1930s–1970s and 1970s–2010s), the change rates of forest fragmentation
and the change rates of forest cover were calculated as a relative difference between the end- and the
initial values.
Finally, for each test area we assessed its forest-fragmentation trajectory (FFT). An FFT was one of
27 possible sequences of stable, increasing or decreasing forest fragmentation in three analyzed time
periods (for instance, a test area could have decreasing forest fragmentation in the period 1860s–1930s,
a stable forest fragmentation in the period 1930s–1970s, and an increasing forest fragmentation in the
period 1970s–2010s). Fragmentation for a given period was labelled as stable if the fragmentation
change rate was lower than 14 of the standard deviation of change rates for all analyzed test areas:
below 1.45% for the period 1860s–1930s, below 1.81% for the period 1930s–1970s, and below 1.18% for
the period 1970s–2010s.
2.4. Quantifying Potential Determinants of Forest Fragmentation
For each circular test area we calculated the percentage of forest structural components. To assess
forest structure, we used morphological image segmentation available in GuidosToolbox [50].
Following [54], each forest pixel was categorized as either core forest (no non-forest neighbors),
edge forest (at the outside of larger forest patches), loop/bridge/branch forest (thin, elongated forest
structures with no core forest, attached to large forest patches), perforated forest (edges along openings
inside larger forest patches), and islet forests (patches too small to contain core forest), using the forest
edge width of 30 m (3 pixels). Change rates of forest structural components for each time period were
then calculated in the same way as for forest fragmentation and forest cover, i.e., as a relative difference
between the end- and the initial values.
3. Results
3.1. Patterns of Forest Fragmentation and Its Relation to Forest Area
Average forest fragmentation in the Polish Carpathians remained stable between the 1860s and
2010s, at an approximate level of 55% (Figure 2). However, we found fluctuations in specific periods:
a general decrease of forest fragmentation between the 1860s and 1930s (in 57% of test areas), and a
general increase between the 1930s and 1970s and between the 1970s and 2010s (in 58% and 72% of test
areas, respectively). This trajectory of forest fragmentation was observed in the context of a significant
increase of forest area in the region over the entire study period, from 27% to 47% (Figure 2). Most of
the test areas experienced forest-cover increase through the whole analyzed period (61%). Forest-cover
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decrease was found in 34% of the test areas between the 1860s and 1930s, and in only 7% of the test
areas between the 1930s and 1970s. Between the 1970s and 2010s, forest cover was increasing in all
test areas.Sustainability 2018, 10, x FOR PEER REVIEW  5 of 24 
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Changes in forest fragmentation differed also regionally. Looking at the entire study period,
1860s–2010s, forest fragmentation decreased most significantly in the south and south-eastern part of
the region (Bieszczady and Beskid Niski Mountains), corresponding with the highest forest increase
rates, while forest fragmentation increased mostly in the northern and central part of the study
area. Several areas with high forest-cover increase rates showed decreases of fragmentation, yet in
some cases we observed high forest-cover increase rates alongside fragmentation increase (Figure 4).
In general, we found no clear correlation between forest-fragmentation change rate and forest-cover
change rate for all analyzed time periods as well as for the whole studied period (R2 ≤ 0.1), with the
sign of the relation variable in time: neutral for the period 1860s–1930s (and overall, 1860s–2010s),
weakly negative for the period 1930s–1970s, and weakly positive for the period 1970s–2010s (Figure 5).
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3.2. Forest-Fragmentation Trends
In our study area we found 22 individual FFTs (out of 27 theoretically possible ones). We found
important regional differences in the distribution of trajectories in the study area (Figure 6): decreasing
fragmentation was found mostly in the south-eastern part of the Polish Carpathians, while increasing
fragmentation was prevalent in the northern part of the study area. The two most common trends were:
decrease in forest fragmentation between the 1860s and 1930s and then increase in forest fragmentation
between the 1930s and 2010s (24% of test areas), and increase in forest fragmentation throughout the
whole analyzed period (24% of test areas). Test areas with these trajectories were characterized by
the lowest forest-cover area in all time steps (Figure 7A). Decrease of forest fragmentation between
the 1860s and 2010s and increase in forest fragmentation in the first period (1860s–1930s) followed by
decrease in forest fragmentation in the second and third periods (1930s–1970s and 1970s–2010s) were
found in 11% and 6% of test areas, respectively. Test areas with these trajectories were characterized
by the highest forest-cover area in all time steps, with mean forest-cover percentage exceeding 60%
already in the 1970s (Figure 7B).
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3.3. Dynamics of Forest Fragmentation and Structural Components
For the entire studied period (1860s–2010s), forest fragmentation change rates were negatively
related to forest core change rate, and positively related to forest edge and forest loop/bridge/branch
change rates (Figure 8). We found no significant relation of forest fragmentation to the changing
amount of forest islets and perforations (R2 ≤ 0.01).
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10–20 years. Due to the length of the studied period, and a relatively gradual change in forest cover
over more than 150 years, to assess and compare forest fragmentation in space and time we used the
LHC method, offering a uniform morphometric concept to measure the actual degree of fragmentation
in a generic way.
Although not explicitly tested in this study, it is expected that LHC is sensitive to spatial data
generalization, similar to many other fragmentation measures [56,57]. This may, in particular, apply to
the map set of the 1930s with the scale 1:100,000, the only available for the study area for the interwar
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period, and the Austro-Hungarian Second Military Survey Map, the oldest map data used in our
study. Our previous tests related to the consistency of the historical maps of the Polish Carpathians
in the context of land-cover change analysis [58] showed, however, that spatial detail for the map set
of the 1930s with the scale 1:100,000 is comparable with maps in much higher scale. Similarly, the
Austro-Hungarian Second Military Survey Map was generalized from the 1:2880 cadastral maps and
retains a very high level of detail in presenting land cover [59]. It was also successfully used in other
land-use and land-cover change studies in the region [60]. We conclude, therefore, that the set of maps
used to analyze long-term forest fragmentation changes has sufficient consistency in spite of various
spatial scales’ generalization levels, yet the results need to be interpreted with caution.
Contrary to the expectations—that increasing forest cover causes decreasing forest
fragmentation—we received several results showing lack of straightforward relation between forest
cover and forest fragmentation. First, in spite of a significant forest-cover increase in the entire
study area, forest fragmentation was found to be stable. Next, for the first (1860s) and second
(1930s) time steps, the correlation between forest cover and forest fragmentation was found to be
insignificant. Finally, we observed no significant correlation between forest-cover change rates and
forest-fragmentation change rates for all analyzed periods (1860s–1930s, 1930s–1970s, 1970s–2010s,
1860s–2010s). These results, however, do not signify a lack of relationship between forest area and
forest fragmentation, but rather imply its complexity. In the northern and north-western part of the
study area, characterized mainly by low forest cover and slow forest increase, we found forest-cover
increase related to increasing forest fragmentation. In such landscapes with initially low forest
cover adding more forest is likely to happen in the form of isolated patches or irregular branches,
thus triggering an increase in fragmentation. On the other hand, in the south-eastern part of the
study area, where resettlements after World War II triggered land abandonment and quick forest
expansion [40,61], we observed decreasing fragmentation (Figure 7). When forest cover is high,
adding more forest is likely to happen through the merging of already existing forest patches or
the closure of perforations inside forests, both resulting in a decrease of fragmentation. In our case,
decreasing fragmentation in the study area was clearly visible when forest cover exceeded 60%, and
this observation is in line with various studies which have shown the relation between the amount
of cover and the pattern structures and the significant change of this relation close to the percolation
threshold of 59.3% [62–64]. Importantly, random landscape analysis with LHC-based fragmentation
index showed a similar effect already above 50% of foreground (Appendix A), although this slightly
lower threshold is less evident in the real-world data. The transition of forest cover over the percolation
threshold occurred in many test areas only in the last two time steps (1970s and 2010s). This is why
the insignificant correlation between forest cover and forest fragmentation was noted in the 1860s
and 1930s (most test areas had forest cover with values below 60% and high fragmentation levels)
and why it turned to a significant negative correlation in the 1970s and 2010s (test areas had either
high fragmentation levels for forest cover below 60% or low fragmentation with forest cover above
60%, Figure 3). Our results show that the habitat (e.g., forests) fragmentation does not need to be
closely correlated with the amount of habitat (for instance, [65]), thus offering space to test empirically
habitat amount–species richness relationships in landscapes with variable fragmentation of habitats as
suggested by [25].
The increase of forest fragmentation in areas with increasing forest cover reflects the fact that
forest-cover increase in the Polish Carpathians has occurred mostly through land abandonment
and secondary forest succession on private farmland, composed of a huge number of very small
parcels making up farms of individual landowners [33]. In this way, several new structural elements
appear in the landscape, contributing to changes of fragmentation. Our results indicate that while
loops, bridges, branches and edges were positively correlated with and contributed to increased
forest fragmentation, islets and perforations had no significant influence. We hypothesize that
although forest perforations—for instance, former pastures—are likely to disappear from the mountain
landscapes [66,67] thus decreasing forest fragmentation, this change is not counterbalancing the
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effect of an emerging mosaic of forested and open land on overall forest fragmentation. The mosaic
develops on the formerly homogenous farmland following decisions of individual landowners to
abandon particular land parcels that later undergo secondary forest succession. As land abandonment
occurs more frequently close to existing forests [33], new forested parcels are likely to form various
branch-type patterns, thus increasing forest fragmentation. That land ownership has an effect on forest
fragmentation is further confirmed by the significant negative correlation between the proportion of
large forest estates managed by the State Forests National Holding and forest fragmentation (Figure 9).
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Several studies point to the importa ce of land-use legacies and persistence for cu rent dynamics
of the landscape [39]. For instance, contemporary land abandonment in the Carpathian countries
depends on the former land use, and length of cultivation period [38]. Our results prove the importance
of land-ownership boundaries established in the past for contemporary forest expansion patterns and
fragmentation of forest habitats. Up to the World War II period, farmland area, though split into a huge
number of land p rcels, was relatively homogenous and intensively used [67], forming the landscape
matrix for forest patches being parts of large land properties [47]. In the post-war period, decline of
agriculture triggered decisions by individual farmers leading to gradual conversion of several land
parcels into forests, contributing to the current, highly fragmented landscape mosaic and increase of
forest fragmentation in most of the study area except where forest cover significantly exceeded the
percolation threshold.
5. Conclusions
Our study shows that increasing forest cover may trigger increasing or decreasing forest
fragmentation, depending on the rate, extent and causes of forest-cover increase. In the first case, mostly
in the north and western part of the Polish Carpathians, a typical, gradual forest expansion is framed by
well-established land ownership boundaries and individual decisions of land owners which lead to the
conversion of small farmland plots to forest p tch s i a mosaic-type fashion. How this “bottom-up”
forest expansion transforms the Carpathian lan s ape differs sig ificantly from changes imposed by
political decisions and affecting large areas. Such a “top-down” large-scale forest expansion occurred
between the 1930s and 1970s in the south-eastern part of the Polish Carpathians, following forced
depopulation and extensive land abandonment by entire communes. These changes, independent of
the individual decisions of land ow ers, res lted in the formation of extensive, homogenous forest
patches, contributi g to decreasing forest fragment tion. We conclude, therefore, that under tanding
the causes of the forest-cover increase is important to disentangle how it further contributes to changes
of forest fragmentation. Knowledge of land abandonment and forest expansion trends and their
causes may, thus, support landscape planning, for instance in the context of green infrastructures [68]
designed to maintain landscap biodiversity and t connectivity of habitats. Appropriately targeted
Sustainability 2018, 10, 1472 12 of 24
policies may trigger farmland to forest conversion in areas forming important corridors for wildlife,
and prevent the conversion where it may negatively impact biodiversity.
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Appendix A. Description of a New Fragmentation Index Based on a Landscape
Hypsometric Curve
A hypsometric curve represents a cumulative distribution function of elevations in a given area.
However, the concept can be extended to the so-called landscape hypsometric curve (LHC), which
summarizes the distance distribution for a given binary landscape map in which the foreground
depicts the class of interest, and the background depicts the complementary class. Examples of
landscape binary masks include a forest/non-forest mask, a wetland/non-wetland mask, or a
grassland/non-grassland mask. However, foreground/background classes can be also defined based
on a multi-criteria approach to distinguish, for instance, habitat/non-habitat areas for a given species.
In the first step, for a given binary landscape map (Figure A1A), distances from
foreground/background edge are calculated as positive values within a foreground class and negative
values outside a foreground class (i.e., within a background class; Figure A1B). Typically, Euclidean
distances are applied; however, functional distances can also be calculated within a landscape
to construct LHC. The frequency distribution of distances (Figure A1C) depends on the amount
of foreground/background classes in the landscape, and their configuration. In the next step,
cumulated frequency distributions of distances are calculated, separately for the foreground and
background, and a continuous function, i.e., LHC, is fitted to the resulting plot (Figure A1D). LHC is
further normalized, i.e., scaled by the maximum distance in the foreground and in the background
(Figure A1E).
The shape of the normalized LHC summarizes a spatial structure of a given landscape: the closer
to Y axes the normalized LHC is, the bigger is the fragmentation of the foreground/background
class (Figure A2). Therefore, for a given landscape, the degree of fragmentation corresponds to
the area under the LHC covered between minimum possible fragmentation (black, Figure A2) and
maximum fragmentation (red, Figure A2). By minimum possible fragmentation, we understand
fragmentation of a landscape with the same proportion of foreground but maximum foreground
aggregation, i.e., all foreground pixels are accumulated to a circle in the center of the landscape.
By maximum fragmentation we understand fragmentation of a checkerboard-type landscape, with 50%
foreground coverage. This theoretical maximum condition for fragmentation is characterized by all
foreground as well as all background pixels having a distance of 1 and thus a cumulative distance
represented by the step-function outlined in red in Figure A2.
The area under the LHC is calculated separately for the foreground (frag_FG, area highlighted in
green in Figure A2) and background (frag_BG, area highlighted in blue in Figure A2) class. Foreground
















where NLHCFG/NLHCBG is a normalized LHC for the foreground/background class of a given
landscape, and NLHCFGMIN/NLHCBGMIN is a normalized LHC for the foreground/background class
of a landscape with the same proportion of foreground but maximum foreground aggregation (i.e.,
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Accounting for the dual nature of fragmentation (foreground is fragmented by background and
vice versa), the degree of fragmentation for a given landscape is defined by the weighted sum of
fragmentation in the foreground and the background:
frag = (AFG/100 × frag_FG) + (ABG/100 × frag_BG), (A3)
where AFG/ABG is the foreground/background area, respectively, and frag_FG/frag_BG is the
foreground/background fragmentation, respectively.
The landscape fragmentation index as designed provides values in the range of 0–100%,
accounting for and summarizing key fragmentation aspects: duality, perforations, amount, division,
and dispersion of image objects. To illustrate the behavior of the LHC-based fragmentation index,
we computed it for a series of simulated binary (foreground/background) landscapes with known
landscape patterns using tools implemented in the GuidosToolbox software [50]. To generate artificial
landscapes, we applied the modified random cluster algorithm [69], implemented as ‘randomHabitat’
function within the ‘secr’ R library [70].
The ‘RandomHabitat’ function generates patches according to the initial probability (parameter
p), which controls the degree of aggregation or fragmentation of the simulated landscape. Then,
patches composed of marked pixels are identified based on a certain neighborhood rule (parameter
directions = rook’s move 4 or queen’s move 8) and assigned to either habitat (foreground) class or
non-habitat (background) class based on the class abundance probability (parameter A = expected
proportion of habitat). Both random and clumped landscape maps can be generated. For smaller
p values, more fragmented landscapes with a large number of small patches will be generated,
while larger p values generate more aggregated landscapes with more large patches. Specifically,
a simple random map is obtained when p is close to 0.
Artificial landscapes were generated by varying three landscape pattern attributes:
1. Class abundance distribution (A) being the proportion of the whole landscape area occupied by
the foreground class; with 9 values ranging from 10% to 90%, with a 10% step;
2. Patch aggregation/clumpiness (p), i.e., spatial distribution patterns of patches; with 5 values
ranging from 0.1 (randomly distributed) to 0.5 (clumped), with a step of 0.1;
3. Minimum patch size (minpatch) with 2 values: 1 or 5.
In this way, we received in total 90 combinations (Figure A3). For each combination, we generated
10 replicate landscapes. In all simulated landscapes, rook’s move was used as a neighborhood rule.
Generally, the highest degree of landscape fragmentation measured by the LHC-based landscape
fragmentation index was found for simulated landscapes with around 50% of foreground coverage
(Figure A4). For foreground coverage below 50%, there was a positively correlated relationship
between foreground coverage and the LHC-based landscape fragmentation index. For foreground
coverage exceeding 50%, we found a negatively correlated relationship between foreground coverage
and the LHC-based landscape fragmentation index (Figure A4, Table A1). These findings are in
line with expectations: when foreground cover is low (<50%) adding foreground cover into an
empty landscape will form more patches, thus increasing fragmentation. When foreground cover
is more than 50%, further adding foreground cover will close up existing holes and increase the
extent of compact foreground area, hence fragmentation will decrease. However, for simulated
landscapes with minpatch = 1 and the highest degree of aggregation (p = 0.5), this relationship was
slightly weaker (R2 = 0.62 for foreground coverage ≤50%; and R2 = 0.31 for foreground coverage
≥50%, Table A1). In terms of foreground and background fragmentation components, foreground
fragmentation decreased (Figure A5; R2 ≥ 0.89, Table A1) and background fragmentation increased
(Figure A6; R2 ≥ 0.80, Table A1) with increasing foreground coverage, respectively. As with the
LHC-based landscape fragmentation index, its foreground and background components decreased
with increasing patch aggregation from p = 0.1 to p = 0.5 (Figures A4–A6).
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Table A1. Coefficients of determination and signs of relation between the LHC-based fragmentation
index (and its foreground and background components) and the foreground coverage for simulated
landscapes with varying pattern attributes.
minpatch = 1
p frag frag_FG frag_BG
0.1
(a) (+) 0.85
(−) 0.89 (+) 0.90(b) (−) 0.86
0.2
(a) (+) 0.91
(−) 0.94 (+) 0.97(b) (−) 0.84
0.3
(a) (+) 0.88
(−) 0.96 (+) 0.98(b) (−) 0.83
0.4
(a) (+) 0.88
(−) 0.94 (+) 0.95(b) (−) 0.67
0.5
(a) (+) 0.62




(−) 0.90 (+) 0.96(−) 0.91
0.2
(+) 0.87
(−) 0.95 (+) 0.97(−) 0.89
0.3
(+) 0.92
(−) 0.96 (+) 0.98(−) 0.91
0.4
(+) 0.89
(−) 0.94 (+) 0.96(−) 0.76
0.5
(+) 0.83
(−) 0.93 (+) 0.86(−) 0.82
(a) Foreground coverage ≤50%; (b) foreground coverage ≥50%.
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